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Enhanced Postischemic Functional Recovery in CYP2J2 
Transgenic Hearts Involves Mitochondrial ATP^Sensitive K"^ 
Channels and p42/p44 MAPK 



John Seobert * Baichun Yang,* J. Alyce Bradbury, Joan Graves; Laura Miller, Scott Gabel 
Rebecca Goocl^kili^ JfeJey, John NewmaiuJ^n Mao, Howard A. Rockman, Bnice D. Hammock, 

however, ihe funajwMj role of this P450 and its eicosanoid prodffits in the heart remains unkngwn. Transgenic mice 
W5th cardiomy<y:|ej^df^c=rpwes;y CYF2J2 transgenic (Tr) mice have normal 

heart anatomy c&rtr«ii^r|iii* feai^ hive ftiiprovcd recovery of left ventricular developed 

pressure (LVDP}fem]^d|ii^ *lSI^5W?^%W and 40 minutes rcpcrfiision. Perfusion 

with the selecti x£.£aja,£Bgaygfip^se,^ibii^^ (MS-PPOH) 
for 20 mintite. MlMiljBPI^^ the improved 

posuschemtc hVUFriEoyctyur^^ inhibitor 
ghtNtnclamide (GLIB) or the mitochondrial K^tP (mitoKA^Unhibitor 5-hydroxydecanoate (5-HD) for 20 nfiiiiutes before 



ischemia abolishes the cardioprotective effects of 
mitoK^TP activiiy, is higher in cardiomyocytes froj 
to 5 /tmol/L) increase flavoprotein fluoresccnci 
of phospho-p42/p44 mitqgen-activated proi 
kinase (MEK) inhibitor PM8059 during 
Together, these data suggest that C 
for this cardioprocection involves actiyatMQM^rai|^C^ 
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Cytochrome P450 epoxygenases metabolize arachidonii 
acid (AA) to cpoxyeiconatrienoic acids (ElETs). which 
are converted lo dihydioxyeicosatricnaltc acids (pHETs) 
epoxide hydrolases,' These P450-derivcl cicqs^JSdJf&s' 
potent biological effects in cxtracardiaati&si 
less is known about P450 cpoxygenases and 
products in the heart. Multiple P450s ate cx] 
tissue.'-^"' Among these, CYP2J2 is unique 
primarily expressed in the hcait, abundant in cardiomyocytes, 
and active in the biosynthesis of EETs.'-^ Tl^jTrecem S 
ficadon of a ftmcdonally relevant polyn&iT$^sm\a^ } 
CYP2J2 gene that is associated with cardiovascular disease " * 
risk in humans suppons the clinical relevanc e ' ' gf t l 
pathway.^* 

Increased EET bidsynthesis in steno$cd coronary atteries 
and during cardiac ischemiayreperfusion su^sts the hypoth- 
esis that EETs may serve a protective mechanism in the 




2fcrcxprcssion. Flavoprotein fluorescence, a marker of 
rsus WT mice. Moreover, CYP2J2-derived EETs (1 
!5.CYP2J2Tr mice exhibit increased expression 
hernia^ and addition of the p42/p44 MAPK 
itcctivc effects of CYP2J2 overexpression. 
tive after ischemia, and the mechanism 
p^^MgMfrPK. {Circ Res, 2(M)4;95:000-000.) 

id^iscncmia/reperftision ■ mitoKAi,. channel h MAPK 



hemic myocardium.''.^ Both EETs and DHETs have potent 
vasodilatoiy effects in die coronary circulation.* ** Indeed, the 
.W}^«5n§sR_metaboIitfis are leading candidates for 
tendoifielidftdd^^ fiyperpolarizing factor^ the nitric oxide 
VotliaBerswid cyclooxygcnase-indepcndcnt vasodilator that 
hypcrpolarizes vaj;cular smooth muscle cells by opening 
C^-a&va^S* channels.*^'** The EETs have been shown 
V> MAPK in coronary vascular endothelial 

and smooth niuscle cells."-" The EETs also directly affect 
^rdio|i5H^gr<* ijjPtDction. EET6 shorten the cardiac action 
IpbMrt^ mtjjbitWdiac Na* channels, and activate cardiac 
'tATp!'^^^ In gen^, coronary vasodilation, inhibition of Na* 
ctivation of Katp, shonening of the action poten- 
tial, and activation of p42/p44 MAPK confer cardioprotection 
during ischemia/reptifusion; however, studies on the influ- 
ence of P450 epoxy^enase products on postischemic recovery 
of heart contractile function have produced conflicting rc" 
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syits.J.'Ni"* Moreover, CYP2J2 mctiibolizcs linolciv acid (LA) 
10 cfwxyoctndcccnoic acids (EpOMB.^). which depresn Car- 
diac TuncUon."*'** 

To examine ihc cardiac cffccLs of P450-dcrivcd cico- 
sunoids under basal conditions and durin|( iscltemja/rcpcrfu- 
siun, wc used the cardiomyocytc-specific cr-myoj^in heavy 
chain (aMHC) promoter to overexpr(?,ss the human CYP^2 
cDNA in a traa>t£cnic model. CYPiJ2 Tr mice have normal 
hcan anatomy and bi)$dl contractile function, but exhibit 
improved postischen)i<f reccftfer/ of left ventricular fiincti 
uggcst ttj§kt ' 

litesilhvolvd 



Monsovcr^ our datj 
cardioprotection by 
or mitoKATP and p42/j 



Mai 

For An expanded Matn 
supplement uvailnbic 




Isoluted-Pcrfused Hearts 

HcnnR were perfumed in the Lojigcndorfrmodc as described." Hcurt^ 
from all four CYP2J2 Tr line* and agc/scx^matched WT liticrrnatc 
conlrals were pcffuiied in □ rctrpgrilde ruhion at conntanl prtJKsurc 
f90 cniHaO) with continuously aerated (95% O^S% CO,) Krebs- 
Hcn5clcit buffer ui 3?*'C, Hearts were pcriiued for 40 minutes 
(siabiliifliion), then aut^fU!{c| («>^f^(nif(9S j|faaS^i»-now ischemia, 
followed by 40 minuics reppi^^(cf;f;0>^.4W hcflrts 
were siat)ilizcd foT 20 niinutcsVthcn pcrfUMd \mh eil^ Ihc ielcciivc 
P450 cpoxygcnasfc 'ihHlbilw ' MS^PPOH (50 ^moUL), 1 1 ,1 2-EET 
(J ^moVL), the sarcolcramal (sarcK^Th) and mitoKATT inhibitor 
" "B C^O Mmol/L), the selective mitoKATP inhibitor 5-HD 
jc Jfifcjrtgpcncr pinacidit (PIN, 100 /xmol/L) ch- 
ip a; miiffiteBth^subjecin^ lo 20 minuter ischemrn and 40 
njHnJphcr experiments, the MEK inhibitor 
(l<nE[Sholrf!r<Srvfehicle was actminislered during the 40 
reperfuslon period. Recovery of coniraciiJc function was 
DP Rt 40 minutes reperfuiiian expressed as & percentage 
Mc LVDP 



Transgenic Micq 

The CYPZrZ cDNA (GenBank U37143) was doncd Into the vector 
pBS-£tMHC-hGH, a generous gift ftom Dr JdTrcy Bobbins (Univcr- 
Hiiy pf Cincinnati, Ohio). This vector coniaine the otMHC promoit 
to drive cardiomyocyie-specific exprcKsion of the transgene , 
human growth hormone ChGH)/poly A sequences to cnba 
gene mKNA stability .» Thc linearized iransgenc was mic 
into pronuclei of single cell C57BL6/J mouRc embryos j " 
AQt I implanted inio pseudopfcgnant nucc. Founders wcri 
cam)?inaiion cf PCR and Southern bloidn^ of gc 
studici: were Ppprovcd by Ihc NIBHS Animar 
Comnuttcc. 

Ntirthern Analy^s, Immunoblotling, 
and Inunimohisto£litinii$try 

Northern blotting was performed as described.-* Polyclonal antibi 
ic& against recombinant human CYP2J2 (anii-CYP2J2rcc) and 
agiiinsi CYf^Z-spccific peptides HMDQNFGNRPVTPJMR (anti- 

CYP2l2pep3) were prepared as described.^j* Im^iuJio^Agpifg 

d that mti- ^ 




in Fluorescence 

adult CYP2J2 Tr and 
ilCS in M 199 media as 
described. 1^ EndogcnouE fiBvoprotein fluorescence was used a 
marker of mitoK^-^r activity.**-^ Fluorescence was excited by the 
i8-nm line of a krypton-urgon laser, emission was recorded at 568 
and confocal images were taken on a Model 410 loser scanning 
rnicrosccipc (Carl Zeiss Ine, Thornwood, NY), Emined 
was flSRcsficd in CYP2J2 Tr and WT cardjomyocyies at 
treaimcni with sodium cyanide <NaCN, 2 irimol/ 
hcnol (DNP, 0.2 mmot/L), PIN (100 Movol/L). or 
Measurements were taken from 55 to 60 cells 
lal animaLi of each genotype and intensities were 
tjiiiittilMMSB^g to background levels. In some experiments. 
changS^Dfluorescence were reogrdoi in WT cardiomyocytcs 
^ fatol w ith cither 14,15-EBT (1 lo 5 /imol/L). 11J2-BBT (I iimtiU 
ikIc. Changes in Huorescencc were expressed as percentage 
fe relative lo baseline levels. 

p42/p44 MAPK Expression and Activation 

The expression of total and phOEpho-p42/p44 MAPK was dctcr- 
^nHmd^^iflrfaeartr^ diCTcicnt times during the isebcnua/n^rfusion 
1. In^viOval hauls from either CYPU 2 Tr or WT mice were 
TQZfin'*Bfier20<mnutes of pedusion, )0 minutes or 20 minutes of 




performed described.^ Control studiis-sh&vfcd 
CYP2J2pcpl and anii-C YPZJ2pep3 are inummospedfic /or ischemia, and 10 minutes or 40 minutes of reperfusioq. Protein from 
CYP2J2, whereas anti-CVP212n?c cross-i^cti wrth Aou^ t'rfPZJ j | '^'^V ^ '^!S5l?j;P^"^*^^ individual hearts was resolved on 
ikoforms. ImmunohiatQchcniical staining of formalii5(fi5Agi piMfm- j 1 ^^^^O??^ ^cl?, Hansfcned to nitrocelluloac membranes 
embedded heart sections was performed as dcscribetf.^ ' ^ ^ ""^ flnAiiJhoWotted with antibodies lo p42/p44 MAPK, pbospho- 

p42/p44 MAPK (Cell Signaling Technology, Inc). or actin C-li 
(^aiifta f^it^Bjjbt^fiology). Relative band intensities, expressed in 
ph9spbo-p42/p44 MAPK to iota] p42/p44 MAPK, 
;&sed ibj^dftnaitomctry using a Chemilmager 4000 System 
^, j^ Atflh a toPPJ cch Corp). 



Fatty Acid Metabdlism i^.^' 
Heart microsomal fractions were incubated with-^-l-"C}A?A' 
products were analyzed t>y HPLC as described.'*-* Epnoxj 
aetivity was calculated as the rate of EETs-t-DHETs produced per 
mg protein/min, Cardiomyocytes were isolated from neonatal 
CyF2^2 Tr and WT hearts as desctibed^^ and cultured on 1% 
gelatin-coated plates in Dulbecco modified Eagle's medium contain- 
ing 10% fetal bovine serum. Cardiomyocyic cell culture media was 
analyzed for epoxy and difaydtoxy fatty acid derivatives of AA and 
LA ufiiflg esiablii:hed HPLOMS/MS methods," 




Statistical Analysis 

Data were analyzed by investigators who were blinded to genotype 
and tieatment group assignmenL Values arc ciipressed a& mean±SE. 
Data were analyzed by ANOVA or Student's f test using SySTAT 
software (SYSTAT Inc.). Values were considered significantly 
different if /'<0.05. 



Transthoracic Echocardiography and Assessment 
of Heart Anatomy 

Two-dimensional M-mode echocardiography was performed using 
an HDI-5000 echocardiograph as describcd.^^ CYPiJ5 Tr mice <25 
to 30 g, 4 to 6 months) and WT littermaie controls were then 
cuthaniTcd, and hearts removed, dissected, weighed, fixed in 10% 
neuD^al buirfcTei] foniiahn, embedded in paraffin, sectioned, and 
stained with hcmatoxylin/cosin for histological examination. 



Results 

Development and Initial Characterization of 
Transgenic Mice 

Six gcrmUnc fouQdcr mice were generated by nucroinjccdon 
of the transgenic construct (Figure 1 A) into single cell mouse fi 
embtyos- Transgcnc-positivc pups were identified by PCR 
(Figure IB) and Southern blotting (Figure IC) of genomic 



PAGE mv RCVD AT 7/2712004 4:35:50 PM [Eastern Daylight Time] * SVR:USPT0-EFXI^-3I25 * DNiS:2730572 * CSiD:228 9446 * DlffiATION (inni-ss);07'S2 



07/27/04 TUE 13:34 FAX 228 9446 KLARQUIST SPARKMAN glOll 

I balt2/^>Hre/zhh-re/ahh01704/ahh29B[HMa | tartutta | S=7 | mWA \ 4:47 | 4/Color Rt)ure(s): 1 I Aft MBa25»fi1 | input-^ 



Scubert et al CYP2J2 Transgenic Mice and Cardiac Function 3 



«MHC 



ngvioa^l.-gjsftie^RjP end 
Initial charact9ri;$rtion^6f CYP2J2 tranfi- 
•genlc rnk»: At Schematic representation 
of the transgefik: construct which TOntalns 
thd ttMhlC promrter, CVP2J2 cD^4A, and 
^iktgH InAraiViXTtyA eoquences. Posttians qf 
PQR prtmera used to i^et^ct tho transgene 
affi shown. B, PCfl MantMlcmion of germ- 
■ nm<iYPZ)2 transgenic founders. C, 
Southern Uoc damonstrdtJng preisenca ol 
the transgene In the founders. D, Ngrthem 
blot fihOwHng presence of CYP2J2 tran- 
scfipts In hearts from ksur fwncter Ihies 
frr2, Ti3, Tr5, and Tr7). Bottom panel 
shows athidlum^nxTiW 

" lunobiot^ domon- 
\ of CYP2JZ protein 
rider ines. Antt- 
CVP2i2pepl and aotM^YPS Jl2pep3 are 
spedfic for CYP2J2; ant]-CYP2J2rw 
cro$s-redotB with murine cardiac cyP2J 
(txntom band). F, irtimungt^lot probed with 
Qnti-CYPZJ2pep1 lllusitrating car^ao- 
^p&cMict expression of the trar^ene In two 
founder lines. G, Immunqhistochemlstry 
demgnstrsting sAxindant CYP2J2 expmg- 
filon h cartfigmyocytes of CYP2J2 trans- 
genic hearts. Transgene expression was 
(ow-undoteotable In coronary vascular 
smooth nriLiSCle end endcdhetial cells. 




4 A Kb-^ 



3.0 Kb-*!; 





4.4 Kb-* 




a-2J2papa 



9 



an2Japepl fv^zpepa prelnnmuee 



In hearts worn fcur founder 





DNA. Northern analysis with the CYP2J2 cDNA probe 
(Figure ID) and immunoblotting with three 
ic3 (Rguie IE) rtvealed that four of the foui 
abundant cardiac expression of the transgene. 
of immunoblots performed with the anti-CYl 
revealed an ^3-fbki increase in CYP2J prol 
CyP2J2 Tr versus WT hearts. The transgcrf 
in a caidiac-specific manner (Figure IF) and immunohii^tttv. 
chemical staining with two CYP2J2-sclcctivc antibodies 
demonstrated that tratisgene exprefision occurred primarily in 
caidiomyocytcfi (Figure IG). Although there was some inte- 
ranimal variability in the magnitude of CYI'2J2 overexpres- 
sion, we did not observe any consistent or significant differ- 
ences in CYP2J2 levels among transgealc offspring from 
founder lines Tf2, Ti3, Tr5, and Tr7. Therefore^ alt subse- 
quent stu<fics used hctcrosy^ous CYP2J2 Tr progeny of each 
of these ovcrexpressing lines and age/sex-maiched WT liner- 
mate controls. 



Heart Anatomy and Baseline Function 

The Table summarizes anatomic and functional characteristics in 
CVraa Tr and WT hearts. There we« no aignificam diffcu^cn^es 



r 



between the two groups in heart or individual chamber wcighui, 

tccl]y:)caidioer|phi^ dr fractiiMial ^bgricning, heart rate, or 
hfllafod;)fWi3 pan^mctem under basal conditions. Hiscalogical as- 
r « sessment M t^oagtoxylin/eosin-stained sections revealed no pathol- 
ogy. Thwc data jndiq^ic tij9t CYFZJ2 Tr hearts are anatomically and 
I fbn^oeafl^ofiiishat baseline. 

^-^a^ ivcid^etabolism 

^v-JSkJiCtXJfiOmes from cyPZJ2 Tr hearts exhibited -^S-fold 
higher AA cpoxygcnasc activity than microsomes from WT 
hearts (Figure 2A)f indicating increased capacity for cardiac VZ 
EET biosynthesis with CVP2J2 overexpression and confirm- 
ing that the overexpressed P450 was catalytically active. To 
further aj^SS fatty acid metabolism from endogenous lipid 
poob, wc measuied levels of 11 diffcient P450 epoxygen- 
asc- derived products of AA and LA in cukure media from 
isolated CYP2J2 Tr and WT candlomyocytes by MPLC/MS/ 
MS, EETs levels in cultuie media were generally low and 
were not significantly different between CYP2J2 Tr and WT 
caidiomyocytcs (Figure 2B). Importantly, CYP2J2 Tr cardio- 
myocytes released significantly more 14.15-DHET» 11»12- 
DHET. and 8.9-DHET (Stable metabolites of 14,15-EET, 
n^lS-EET, and 8,9-EET> into culture media than did Wt 
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Cardiac Parameters In CYPZI2 Tr and WT Mice 



F3 



&ody weight, g 
Heart weight, rrm 
Hean/DOdy wt, mg/g 
Lflft tfSfitilc:|0 free wall weight, mg 
Right Ventricle free wall wsighl, 
un atitum weight mg 
'^htfalrllji weight, mg 

SlOftSlfihdfeing, 
2\ wall micKnese. mm 
ttei 



Wr(n=ft-2S) 


CYP2J2Tr(n=« 


26.4-1.1 


27.2 ±1.0 


106.5:£B.O 




4.1:t0.2 


. 4.1 ±0.1 
B^.4±?,7 


80.9:r&.2 




.207±1.p 


3.0±0.2 


3.4±0.1 


i£l+0.3 


3.4±0,2 




observed In henwdynaDic 

HR Incttcstes heart ratef 
end-diastollc pressure. 

cardiomyocytes (Fi^re 2B). These data 



Vaiuos are nn«iin±5E. 

Body and heartifvei^lib weip tM^nnlnedushg ari^yl^;aMta;ancQf»d(niene40n6 «nd percent 
Ibctional &hort«nirjp wer^ fiffie^H 1rfan^^gdCi£chx h cansi^ous mice; hemody- 

nantlc parameters IS(.Wtn9e4ured(i iiHiUteilfi^hpedaieatts^ne wqre no slfanrllcant diffmnces 
In any of these paramoion^ &0]w^ pYP2J2 Tr end WT nilce at t)^ne. Slgniflcait dlfferencas weit 




ilnutes r^ertusion (P40). 
ire^uro^'LVEDP. left ventricular 



repftrfusion and peiisistcd throughout the twovciy 
the known tegiochcmistry of olefin cpoxidation hyjCXI^H^ ..■^...pej'iftlXEigmt: 3A). At 40 minutes reflow, LVDP recovery 



find the presence of an active epoxide hydrolase in mouse 
cardiomyocytEs.'* In contiastr there wtrt nO significant dif- 
fetcnces \?etwcen the two genotypes in the levels of EpOMEs 
or tfihydroxyociadcccnoic acids (DHOMl^) n^l«aded into 
culture media (Figure 2B). 

Cardmc Performance After Ischemia/Reperfusion 
in Perfused Hearts 

CYF2J2 Tr heam bad normal baseline contractile function^ 
measured either as LVDP (Figorft 3A; Tabic) or rate-pressuie 
product (RPP-LVDPXHR) (Figure 3B; Table). Compared 
with WT, CYP2S1 Tr isolated-perfused hearts bad sigmfi- 
candy improved posti!u:heniic recovery of left ventricular 
function. The improved fiinction was evident within 10 



was signiEcantLy higher in CYP2/2 Tr (37 ±4%) versus WT 
hearts (22+2%, P<Om} (Figure 3A; TaWe). Similarly^ RPP 
recovered significandy l>etter in CY2J2 Tr versus WT hearts 
(33±4^ ver$u$ J8±3%. respectively; P<0,005) (Rgujt 3B; 
Table). Con$jf;ient with the improved postLschemic contract 
tile function, left ventricular cnd-diastolic pressure (LVEDF) 
at 40 minutes reflow was significandy lower in CYP2J2 Tr 
(62±6 crnHjO) vcreus WT hearts (78±3 CmHjO; P<0.05) 
(Table). There were no differences between CYP2J2 Tr and 
WT hearts in timc-to-onset of ischemic contiractufc (8.3^1.0 
minutes versus 9.8±0.8 minutes, respectively; P^0.20) or 
maximal ischemic contracture (104 ±8 cmHzO versus 
88±7cmH20, respectively; P=0,H). The improved postis- 
chemic functional recovery was imdependcntly confirmed in 
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1 i i 1 1 1 

bT ■> o 2t n 



Figure 2, Fatty add metaboligm In CYP2J2 Tr and 
A, AA epDxygQn^99 3c:tivity Is enhance In cardiac 
trom CYP2J2 Tr animals. Values shown are mai 
pools, 4 to 6 heart3/0ool *pr each group; *P<0. 
Oxylipid levels in culture media <rom CYP2J2 Tr 
frrfMr^&A. Vdluss Ehawn are maan^SE; db? to 
*R<0.OS V5 WT. 

each of the four overexpressing lines. When analyzo(l 
ratcly by line, postischemic LVDP recovery in WT 
CYF2J2 Tr littennaics was 25 ±5% and 46 ±4% from 
Tt2 (/'=0.0l)» 23+5% and 38±5% from line Tr3 (f ==0.04), 
20±2% and 31 ±3% from line Tr5 (f|=0,05) 





and 35±6% from line Tr? 

To determine whctbei* th* eiTects of t:YF2J2 ovfrex] 
sion were mediated by a P450 epoxygenase\mt(ibOlit*^ wc« 
conducted experiments in the presence of Mfi-jpSPprf, This 
epoxygenase inhibitor caused a small but sigrafjci^nt ireeao-i— ' 
tion in postiscbcmic recovery in WT mice; recovery of 'tMDP^ ^ 
at 40 minutes rcflow was 23 ±2% in the ^iscncc YiiMS-| | 
PPOH and 13±4% in the presence of M$-H?Otl (/^^d-te):* ^ 
(Figure 3C). Importantly. MS-PPOH completely alr^olished 
the improved postischcmic recovery in CYP2Jl~Tr mice; 
recovery of the LVDP at 40 minutes reflow was 37±39& in 
the absence of MS-PPOH and 14 ±3% in the ptesence of 
MS-PPOH (i*<0.005) (FigQrt 3C). Thus, percent LVDP 
recovery was comparable in the two genotypes afrcr treat- 
ment with MS-PPOH. Inlcrestingly, perfusion with physio- 
logically relevant concentrations of 1L12''EET improved 
postischemic recovery in WT hearts (Figure 3D). Together, 
these data suggest that tlic cardioprotective effects of CYP2J2 
overexpression are mediated by a P450 epoxygcnasc 
metabolite. 

Rble of Katt in Postischemic Functional Re^v^ry 
To determine whether Katp was involved in CYP2J2- 
mediated cardioproteclion, we conducted experiments in the 



lure 3- Posttschemlc recovwy of left vantricglar function In 
!J2 Tr and WT mice. A. LVDP at baseJIrta, at the «nd off Is- 
and after 5 to 40 mtrtutea neperfuslon (R5. R10. R2Q, 
In WT and CYP2J2 Tr hearta. Valua? shown ana 

par grogpT *P<0,OS vs WT. B* RPP at baseline 
roparfuslon in WT and CYP2 J2 Tr hearts. Values 
n^25 per group: *P<0.05 va baseline of 
0,05 VB WT at 40 minutes repar^u&lon. C, 
P nacovery at 40 minutes fepwfusiofi 
parcantaga of basetlna LVDP in hearts admlnls- 
yehlSTe or MS-PPOH (50 ^onol/L) for 20 minutea t^efore 
. Valudfi n^pn^sdnt in^n:r3E. n" 10 to 11 par gittup: 
vs WT; </*<O.0S vfi vehteia control of same ganotyp^. 
'ostischemic LVDP recovery at 40 mlrxitds raperlu^ion 
rKp^e&aAd afi p^npentage of baseline LVDP in WT haart£ admin- 
istered vehicle or 11 ,12-EET (1 fimot/L) fof ^ minutes befora 
ischemia. Values represent mean±SE: n=4 par group; *P<0,05 



presence of the sarcKAT? and mitoKAir inhibitor GLtB or the 
I sejqctiye nii^oKi 



^ otiT inhibitor 5-HD. Neither GUB nor 5-HD 

} l^adV SfeP'i^'^^^l^: *ff*Cl on bascUne LVDP. Perfusion with 
* ^ther CUB or^HD for 20 minutes before ischemia resulted 
in 0r smaU but |ignificant reduction in postischemic LVDP 
rfabvcJyffiWJ^TSp (Figure 4). Interestingly, both inhibi- F4 
^l^rs™n[)let§l^-'M>olished the imptx^ved tx^stischcmic func- 
aonaUeewery in CYP2J2 Tr hearts (Figure 4). Thus, percent 
LVDP recovery at 40 mmutcs icpcrfiision was comparable in 
the two genotypes after treatment with either GLIB or 5-HD 
(Figure 4). Moreover^ the K^tp opener PIN improved postis- 
chemic fimcdonal recovery to a greater degree in WT 
compared witli CYP2J2 Tr heatts such that percent LVDP 
recovery was comparable in the two genotypes after treat- 
ment with PIN (Figunc 4). Theac data suggest the involve- 
ment of Katp in the cardioprT>tcctivc effect of CYP2J2 
ovcrexpicssion. 

Endogenous Flavoprotein Fluorescence 
To further investigate the effect of CYP2J2 overexpression 
On mitoKAii' activity, we measured endogenous flavoprotein 
fluorescence, an index of mitochondrial redox state^^s.^* in 
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Figure 4. E1l«ct£ o1 hUj 
Gry in CYP2J2 Tr and 
cte. GLIB (ao fimttlAJ; 
tor 20 minutes before 
n'-3 to 11 per groi 





WT and CYPSJl Tr cardiomycx;ytcs. Under basal conduions, 
CYP2J2 Tr cardiomyocytcs exhibited increased flavoproi 
fluorescence compared with WT cardiomyocytcs 
5A). Blinded, quantitative analysis of 55 to 60 eel 
individual animals of each genotype revealed a 
higher relative fluorescent intensity in the 
(Figure 5B>. Control experiments condu 
(Figure 5A), PIN, NaCN, and DNP (data noF 
firmed that the emitted fluorescence corrcUtcd^ll 
changes in mitochondrial redox sutu^ mitoKATc 
We also examined the effect of CYP2J2-dcrivcd metal 
on tlavoprotein fluorescence in WT cardiomyocytcs, 
cation of 14J5-ECT (l to 5 ^mol/t), the major CYP2J2 
product, resulted in a da^ie-dependent increase in flavoprotcin 
fluoi^sceitce (Figure 5C)- A similar efftt^t wi 45s^rfo& 
application of I ^moI/L 1 1,12-EET (n|iJiiti ^. Tl^ cffj 
of 14,15-EET and 1 1,12-EET were rapid an<{ lasted ijp to 10 
minutes (see online Movie, shown only for 
available in the online data 
indicate that CyP2J2-derived 
Together with the inhibitor studies, these data suAcJtSbaif 
mitoKAW activation is one mechanism for ^^]Sipr^vcq|jd^ds-| 
chemic fiincdonal recovery in CYP2J2 Tr mice' 




1 |lM D|iM 



1)tM 



Q99nqiu9 flavoprotein fluorescdnca in cani^igmyo-. 
CYP2J2 Tr and WT mlde. A, Ftepresentatlve coofoc^l 
'showing ftavoproteln fluorsscenca In WT and CYP2J2 Tr 
tmyocytsQ at baael^OQ. Lower panel shows imagea of a 

Tr cardlomyocytd at oafiaiina and after treatment with 
(100 ^mol/L). B> Ravoproteln fiuorescance (art^trary unhs) 
In WT ajvl CYP2J2 Tr cardtOmyocyteB at baseline. Data repr^- 
sejOil^mej^urenrMntsJ^ 55 to 60 cells from «ach of 4 animals 
[ jpW ^enoiybe^^id areTexpressed as mean±SE; *P<Q.05 vs WT. 
I J |C, Flai^prqiglrl fluor^cancd In WT cardiomyocytds after tnaai- 
^ ment wHtrfetth* vehicle (control), 14,15-EET (1 ^imol/U, 5 ^moU 
L). or 1 1,iS-EET(1 f*mol/L). Dqla represent measurements fram 



kownonly for W.lU-JjET^Sandl 1 1^ 2&(^JSfBSh each of 4 to 7 antmais pergre^^ 
supplement). '^JCSp' fip^S^L I ^'^'^^4"if'~®^' vehlelA ecmfrol. 

eicosanoids activate mitoK]!^. ^ t •* 



Role of p42/p44: MAFK Activntion in 
Postischemic Functionuil Kecovery 
To determine whether the MAPK signaling pathway was 
involved in the cardioprotective mechanism, we examined the 
phosphorylation status of p42/p44 MAPK in WT and 
CYP2J2 Tr hearts at baseline, during ischemia, and during 
reperfiision. There were no significant differences in the 
expression of phospbo-p42/p44 MAPK between WT and 
CYP2J2 Tr hearts under basal conditions or during ischemia 
(Figure 6A). fnttitstingly, expression of phospho-p42Ap44 
MAPK was significantly higher in CYP2J2 Tr hearts com- 
paitd with WT hearts at IQ minutea and 40 minutes of 
rcpcrfusion (Figure 6A). Likewise, the ratio of phospho-p42/ 
p44 MAPK to total p42/p44 MAPK expression was signifi- 



cantly ^Bjateijio-GYPZia Tr hearts than in WT hearts during 
' 4?^^ Activation of p42/p44 MAPK has 
oposc&^o^ccur downstream of mitoKAiF opening"; 
Ttamincd whether inhibition of roitoKAir affects 
p42/p44 MAPK activation in our model. Notably, adminis- 
tration of 5-HD before ischemia failed to abolish the en- 
hanced phosphoiylation of p42/p44 MAPK in CYP2J2 Tr 
heaits during rcpcrfvsion (Figure 6B). To determine whether 
activation of the p42/i>44 MAPK pathway was required for 
CYP2J2-mcdiatcd cardioprotcction in CYP2J2 Tr hearts, wc 
administered the M£K inhibitor PD9S0^9 during the rcpcr- 
fusion period and examined the effect on LVDP recovery. 
Importandy, treatment with PD98059 had minimat eftect on 
LVDP recovery in WT hearts but completely abolished the 
improved postischemic recovery of LVDP in CYP2J2 Tr 
hearts (Figure 6C). Thus, pcrocnt LVDP recovery was con>- 
parable in the two genotypes after treatment with PD98059. 
Together, these data sugge^it that activation of p42/p44 
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R^ure 6. Rote of MAPK pathway in improved 
CYPdJ^ Tr hearts. A, Rapresantative immuni 
expression of total p42/p44 MAPK. phospho>| 
and actin Cril In hearts at tm^eHne (B). after 10 nnlnfffi^(i1D) 
20 minwtw ischemia 02d), and 10 minutes (R1 0) or 40 ml( 
r^pdrfuslon B, Ratio of phospno-p42/p44 MAPK to 
p42/p44 MAPK expression atter 40 minutes reparfuaion 
treatmemt with v^de or 5-HD (100 ^arxjf/L). Values represent 
ineart±SE; n=4 animals per group; 'P<0.05 v$ WT. c, Eff^ of 
MEK Inhlt^itor on LVDP recovery at 40 minutes reperfusion In 
QYP2J2 Tr and WT mice. h4earts were sdrTi[ni&t^red_yehtC^e or 
PD9B059 (10 jimd/U during reperfuslon. VCalue^; rfir^slnt^ 1 
meansrSE. n^-B to 10 por group; *P<0.05i|y3 WF: ±P<(l05 \4 
vehifsiB c?<Sntrol of aarHd flsnotypo. — " ^ ^ * ' 



MAPK during Tcpcrfusion is another mccha^isirtir fir ^m-\ 
proved postiscbcmic function*il recovery in Tr rmS 

Discussion 

There has been considerable controversy \u~ 
regarding the ftjnctional significance of P450s in^th&iie 
Some studies have focused on the rolc of these enzymes in the 
cardiac metabolisni of drugs and xcnoctwmicals.^ The dis- 
covery of CYP2J2 as a primarily cardiac P450 acdve in the 
epDxidadon of AA to EETfi/ together with recent studies 
documenting that these P450-derived eicosanoids can affect 
cardiomyocyte function in vitro,^-'^'^^ has led to the hy- 
pothesis that this enzyme may also have important endoge- 
nous functions in the heart. However, the lack of specific 
pharmacological tools to manipulate this pathway in vivo and 
the absence of an animal model to study the effects of altered 
P450 expression/activity on cardiac function has limited 
progress in this area. Moreover, studies on the biological 
effects of F450 metabolites in the heart have often produced 
conflicting results. For example, EETs are reported to have 



both poHiiivc''^-'' and iwgative^B inotropic checks in the heatt 
under basal conditions. After ischcmia/rcperf usion, EETs art 
rcponcd to have both cardioprotective' and tiardiodepressartt 
cffccte.'^ In light of Ihcsc conUoverRies, we developed « 
transgenic model to study the effecL^ of C YP2J2 overcjtpreN- 
jston on Cftrdiac fi^tipn. ^^r. Ji^fjojrj&ing is that the 
CYP2J2 transgenic mice, ,liaye.jOpmJffi^ anatomy and 
basnl contractile func^on, but exhibit improved postiscbcmic 
recovery of left ventricular function! Given that EET biosyn^ 
thesis i& enhanced in stcnosed coronaiy arterie;;'' and during 
rj yifliM schp^^ injury,'' these findinjfs may also 

hAc ii|p(#am%ic&>e^c implic;aiions. 
' fep^sfe^^^jEJ"*^ o^fercxprcssion produce bcncficiai car- 
diac ^ccts after ischemia? To address this question, wc first 
falty acid nfictaboHsm in CYP2J2 Tr and WT 
somes from C YP2J2 Tr hcans had increased AA 
activity compared with WT hearts, indicating 
increased capacit y tor cardiac ECT biosynthesis with CYP2J2 

J2 Tr cardiOTnyo* 
'media than did WT 

cardiomyocytcs. In contrast, there were no significant differ- 
!cs between the two genotypes in the levels of LA 
ibolites released. These data suggest that the preferred 
for CYP2J2 in the caidiomyocyte is AA rather than 
we examined the effect of a Aclcetivc P450 
inhibitor on posdschemic recovery of contrac- 
found that MS-PPOH cauu^cd a small but 
on in postischcmic LVDP recovery in WT 
ng a role for P450 epoxygenasc metabolites in 
atinSP&ardioprotcction under normal conditions. Impor- 
[S^PPOH completely abolished the irnprovcd posds- 
LVDP recovery in CYI*2J2 Tr mice, funhcr suggest- 
that the cardioprotective effects of CYP2J2 
overexpression are mediated by a P450 epoxygenasc 
metabolite. 

iSSySirpoprSe^ mechanisms have been proposed 
to^5^(lak)iif e^hanc^d functipnaj recovery after ischemia. 
Among these^ significant interest has focused on the role of 
TSwo dh^aacologically distinct K^tt- types have been 
ijfefltifijeW i^iomyocytes, sarcK^Ti^ and nutoKATF-^' 
SarcKATF IS aclavaled during cardiac ischemia when cytoplas- 
ii{>A|l^ is 1 depleted and affects membrane excitability. 
:<idva|io{iHeads'^ shortening of the cardiac action potential 
id^-Tcdiced'* Intracellular calcium Ovcrioad.^' Several 
openers produce beneficial effects on the myocar- 
dium in animal models of ischemia, ai>d several saicKAip 
inhibitors block ischemic ppeconditionifig.^-^* Structurally, 
cardiac sancKATP is composed of an octomcric complex of two 
types of subunits (Kir6.2 and SUR2A). Hie EETs have been 
shown to be potent activatoirs of sarcKAir by reducing channel 
sensitivity to ATP; however, the exact site on the channel that 
interacts with EETs remains enigmatic.'^-** Although the 
pnecise molecular composition of mitoKATi' remains un- 
known^ preliminary studies suggest the presence of a muld" 
protein complex contairung succinaiie dehydrogenase.^^ Im- 
portantly, recent pharmacological data indicate that selective 
activation of mitoKATr confers cardioprotection after ischc* 
mia^**^*^^*; however, a role for P450 epoxygenase metabo- 
lites in this process has not been investigated. In this regard. 
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wc observed that ihe bcncHdaJ effects of CYP2J2 ovcrex- 
prcssion are abolifchcd by 5-HD, which is scleciivc for 
mitoKATP'^** Fntcrcstingly. wc also demotv^mitcd increased 
Havoproicin fJuorcsccncc, a marker of mitochondrial itdojt 
siams,^* in CYP2)2 Tr cardioitiyocytcs consistent with en- 
hanced mitoKji^T,. activatiort with CYP2J2 ovcrtxfn^ssion. 
Moreover, D-catmcnt of WT CBrdiomyocytes with CCTs 
increased fliivopratcin fluorescence. Taken toficth^r, these 
data 5;ug|tc$t that one mcchnnisnt for t\\t catdiopTOicctivc 
effects of CYP2J2 o^SXpr^psidn is activation of mitoKtfrp^ 
Although die prccisGg^athways^j^ V^**^'^ "^^ — 
confers cat^ioproccdSon rcmai[£jnl|riow^, poietmalll 
ficitil Consequences ol^l2BCQihg^it<jt^-,T'l3^ui}c^^[9^ 

[ mennbranc, (nmsicnc swelling 
l^ani^ij/esnodon 

f5as alsol^cn proposed to m 






[ion of the intrami 
of the intramitochoni 
electron transport 
l04id, and altered pi 
Activation of p4: 
cardioprotective aft 
CISC mecharusms w: 

cardioprotcction remain unknown.^^^* Recent studies dcmon- 
fitrate that EETs activate the MAPK pathway in endothell 
and vascular smooth muscle cells.* '-'^ Tht^ data presci 
herein demonslrale that p42/p44 MAPK activation 
hanced in CYP2J2 Tr hearts during reperfusion 
rule Out the possibility that at least some of the 
phosphorylation of p42/p44 MAPK between 
WT hearts during rcpeifusion were a resi 
rather than, a cause of protection; however, in! 
MAPK pathway with a MEK inhibitor admini^teffiET dui 
rvpcrfusion abolished the improved postiKchcmic^ U 
recovery in the CYP2J2 Tr animals. Together, these 
$u2;£c$t that another component of the cardioprotective 
anism in the CYP2J2 Tr mice involves activation pf p42/p44 
MAPK, Wc observed rapid activadoiYof p42/p44 MAPK 
during early repcrfvsion in CYP2J2 Tr jacarti iKd^i 
it occurred in response to the i$ch^ic | event, 
consistent with a recent report by Hauscnioy and cowprkers" 
showing that activation of |>42/p44 MAPK a\ Apc^iop is? j 
essendat for preconditioning-jnduced protccud^^cctatpstj | 
mitoKATP activation was enhajnced before ischemia m " 
CYP2J2 Tr hearts. Gross and coworker^^' ir^ ontly fc^o^ifeoa 
that activation of p42/p44 MAPK occursj'^cMijr'asr^-- 
mitoKATP Opening. However, inhibition of mitoKATP by S-iiO^ 




Cardioprotection 



PJjjD*'^^. ^lT(5ltetkA)rt^L>pOBed mechanlsmB of oardioprotec- 
tl«fi in §V'HEJ2 Tflmga. KYP2J2-d9rived elcosanolds activate 
;nfc!^* artath^ pathway loading to 

caraloprdtoctten 



itafeuggest that the mechanism for the impttived 
li^cfflic recovery in CYPZJ2 Tr mice involves activation 
of mitoKiTi"and p42/p44 MAPK. These smdies arc the first to 

^yme system in the 
^atmcnt of ischemic 

heart difiea.se. 



did not eliminate the differences in phosphorylation^atufi-eip^ 
p42/(>44 MAPK between CYP2J2 Tr and WT hearts. This 
suggests that the cardioprotective effect observed in the 
CYP2J2 Tr mice involves a parallel cascade of events 
involving both raitoK^tp and p42/p44 MAPK. The fact thai 
inhibitors of either pathway completely abolish the improved 
postischcmic functional recovery in CYP2J2 Tr mice suggest 
that activation of both arc required for CYP2J2-mediated 
cardioprotection to occur. Figure 7 illustrates a schematic of 
the proposed mechanisms of cardioprotecdon in CYP2J2 Tr 
mice. 

In Summary, wc used the vMHC promoter to overex press 
human CYP2J2 in mouse heart CYF2J2 Tr mice have normal 
ba^aX heart anatomy and function, but exhibit improved 
postischemic necpvery of left ventricular function. Moreover, 
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